Abstract Vascular smooth muscle cells (VSMCs) play important roles in cardiovascular disorders and biology. Outlined in this paper is a step-by-step procedure for isolating aortic VSMCs from adult C57BL6J male mice by enzymatic digestion of the aorta using collagenase. The plating, culturing, and subculturing of the isolated cells are discussed in detail along with techniques to characterize VSMC phenotype by gene expression and immunofluorescence. Traction force microscopy was used to characterize contractility of single subcultured VSMCs at baseline.
Introduction
Vascular smooth muscle cells (VSMCs) constitute the major cellular component that provides structural and functional integrity to blood vessels. Characterization of VSMCs in vivo and in vitro for the past 40 years has proven challenging due to the ability of VSMCs to dedifferentiate and differentiate in response to multiple stimuli [1] [2] [3] [4] [5] [6] . The plasticity of VSMCs in response to the extracellular matrix, cell/cell contact, influence of endothelial and cells and other cell types, lipids, inflammatory mediators, and stretch and hemodynamics alters proliferative, migratory, and contractile properties [6, 7] .
Evidence to date suggests heterogeneity of VSMCs in the vessel wall with multiple subpopulations of VSMCs [8, 9] . Isolating and passaging of primary aortic VSMCs in culture is widely accepted as a strategy to identify mechanistic signaling pathways in VSMCs since 1913/1914 when Champy et al. published the original paper [10] . Previous studies have been published outlining the procedures for isolating murine aortic VSMCs [11] . However, characterization of VSMCs with passage has not been reported. This study outlines isolation, culture, and subculture protocols of murine adult aortic VSMC with associated phenotypes of proliferation and contractility.
Methods and Results
The detailed methodology is listed in the Online Supplemental Methods.
Animals
Adult 14-to 16-week male C57BL6J mice were purchased from Jackson Labs. All procedures were performed in compliance with the IACUC guidelines at the University of Minnesota. The animals were housed four to a cage and provided NIH chow and water ad libitum.
Materials for Isolation of VSMCs from Murine Aorta
Materials for VSMC isolation from the mouse aorta include a dissecting microscope, tabletop centrifuge, autoclaved surgical instruments including fine-tipped forceps (Fine Science Tools), surgical scissors (Fine Science Tools), and superfine curved micro-scissors (# VS1022, Academic Instruments), sterile alcohol prep pads (#MDS090735, Medline), polystyrene sterile tubes (#55476013, 5 mL, Sarstedt), sterile disposable vacuum filtration systems (#SCGP00525, Millipore), 6-well and 24-well tissue culture flat bottom plates (Falcon). 
Preparing Reagents
Prepare complete media by combining DMEM with 10 % FBS and 1 % penicillin/streptomycin and store at 4°C until use. Prepare 70 % ethanol by mixing 70 mL of 100 % ethanol (Pharmaco-AAPR) and 30 mL of distilled water and store at room temperature. Prepare Fungizone by adding 10 μL of Fungizone to 10 mL of complete media and filter-sterilize using a sterile disposable vacuum filtration unit. Prepared Fungizone can be stored for a week at 4°C. Prepare Collagenase Type 2 in complete media. Weigh and dissolve 14.2 mg of Collagenase Type 2 in 10 mL of complete media (final concentration 1.42 mg/mL) and filter-sterilize using sterile disposable vacuum filtration unit. The volume of collagenase prepared can be adjusted according to the number of mice to be used. Prepared collagenase type 2 can also be stored at 4°C for a week.
Mouse Aortic VSMC Isolation Procedure
Prior to euthanizing the mice, warm complete DMEM, collagenase type 2, and Fungizone solutions to 37°C in a water bath. Add 1 mL of Fungizone solution in each well of a 6-well tissue culture plate.
Euthanize mice with a continuous flow of carbon dioxide using a flow meter unit for 3-5 min at the flow rate of 2 L/min. Weigh the mouse and secure it to a flat moveable surface in supine position prior to viewing under a dissecting microscope. Wipe the abdomen and thorax regions with alcohol prep pads or 70 % alcohol, and open the skin to expose the abdomen and the thorax using surgical scissors. Remove the lungs, and expose the entire aorta until the renal bifurcation. Perfuse the aorta using a tuberculin syringe filled with sterile PBS to remove remaining blood. Working rapidly, the aorta is dissected out and placed in ∼100 μL of Fungizone in a 6-well tissue culture plate and cleaned off of the surrounding fat and adventitial tissue with the help of fine-tipped forceps. At this point, the aorta will be a smooth tube. Cover the plate and transfer it to a biosafety tissue culture hood.
In a biosafety tissue culture hood, cut the aorta into 1-to 2-mm pieces using fine scissors and place into 5-mL tubes containing 0.1 mL of collagenase type 2 solution. Gently close the lid of the tube and place in a 37°C incubator (with 5 % CO 2 ) for 4-6 h. Incubating for 5-6 h gives better results than 4 h.
After 6 h, remove the 5-mL tubes, and tap to suspend the cells. In the hood, add 3 mL of complete DMEM in the tube and gently mix the cell suspension. Centrifuge at 300×g for 5 min at room temperature in a tabletop centrifuge to pellet the cells. In the hood, remove the medium and wash the pellet using 3 mL of complete DMEM and centrifuge again at 300×g for 5 min. Resuspend the resulting cell pellet in 0.5-1 mL of complete DMEM and plate cells in a 24-well plate.
Place cells in 37°C incubator with 5 % carbon dioxide, undisturbed for 5 days. Do not change the media.
Subculturing of Murine Aortic VSMCs
When confluent, passage the cells to achieve confluency on the fifth day (1:2 dilutions have been used in our lab). First, wash all the wells using 500 μL 1X sterile PBS. 
Morphology
The morphology of murine adult aortic P1 VSMCs grown undisturbed for 5 days on plastic is predominantly a spindle shape with an oval-shaped nucleus containing two or more nucleoli (Fig. 1a-c) . The cytoplasm appears phase dense and contains few visible inclusions. After subculturing and growth for five additional days, the morphology of the P2 VSMCs (Fig. 1d-e) is a mixture of Bcobblestone-like^and spindleshape morphologies.
Purity of VSMCs
To determine the purity of the isolation procedure, we stained the VSMCs with sm22α and Acta2, two smooth muscle cell specific markers [6] . 
Gene and Protein Expression
To assess gene expression and heterogeneity within and between passages, we assessed single cell gene expression of the smooth muscle specific markers caldesmon1 (Cald1), Cnn1, Transgelin (Tagln or sm22α), Acta2, smooth muscle myosin heavy chain (Myh11), and smoothelin (Smtn) (see Fig. 3a ). The violin plots in Fig. 3a show the distribution of expression of six genes in P1 (n=22) and in P2 (n=45) cells. Cnn1 and Cald1 have a relatively tight expression pattern that is uniform between passages. Myh11 has a low level of expression in P1 that becomes more widely distributed in P2. Sm22α and Acta2 have a wide distribution pattern in P1 that is tighter and higher in P2, and Smtn has a wide distribution pattern in P1 and in P2. Western blotting showed an increased protein expression of sm22α at P2 compare to P1 (p<0.043, n=3) (Fig. 3b, c) .
Proliferation
After 5 days of undisturbed growth, 61±1 % of VSMCs at P1 were proliferating compared to 53±1 % of VSMCs at P2 (n= 3, p=0.001).
Single-Cell Contractility by Traction Force Microscopy (TFM)
Basal cell contractility of P1 and P2 VSMCs was assessed with TFM. Representative images are provided for brightfield image of a single cell, substrate with beads, and bead displacement after chemical relaxation (Fig. 4a-c) . Basal tone, measured by strain energy, between P1 and P2 was not different (Fig. 4d) . However, the distribution of strain energies for the P1 cell population was much larger compared to P2, indicating greater heterogeneity in the P1 population compared to P2 (Fig. 4d) . 
Discussion
This study provides guidelines for the isolation and subculturing of murine adult aortic VSMCs along with characterization profiles. These guidelines highlight the following major findings. The morphology of PI cells is spindle shaped compared to P2 which are a mixture of cobblestone and spindle shapes. Sm22α protein expression was increased in the P2 VSMCs compared to P1. Proliferation was greater in the P1 cells. Finally, RNA expression profiles of single VSMCs revealed heterogeneity in a wide number of RNAs including sm22α, Cnn1, Cald1, Myh11, and Acta2.
Generally, VSMCs isolated from adult aorta that have been grown between 5 and 7 days exhibit a spindle shape with an oval-shaped nucleus containing two or more nucleoli, and the cytoplasm is phase dense [11, 12] . Previously, the expression of Acta2 was used exclusively to verify the smooth muscle phenotype. However, it is recommended that multiple differentiation markers should be used to characterize the specific phenotype of cultured VSMC as no single marker may identify VSMCs exclusively at any passage or from other cell types [2, 6] .
Our data in mouse VSMCs is similar to a comparative study of VSMC specific markers and morphology in rat aortic VSMCs [2] . Specifically, Thyberg and colleagues [13] demonstrated that rat adult aortic VSMCs in culture undergo structural changes within 2-4 days in culture including a transition from cytoplasmic microfilament bundles to an extensive rough endoplasmic reticulum and a large Golgi complex. Frid and colleagues demonstrated four different subpopulations of VSMCs within the medial wall of the bovine pulmonary artery and the aortic arch [9] . These four distinct subpopulations were identified in layers of the medial wall (lumen side, middle layer, and outer layers) and exhibited different staining patterns of VSMC specific markers smooth muscle α-actin (Acta2), smooth muscle myosin, calponin1 (Cnn1), and desmin, different morphology (small, irregular, thick, and thin spindle), and altered cell orientation (circumferential or longitudinal). Within the layers of the medial wall, VSMCs were found in clusters [9] . Our single cell RNA sequencing data supports the heterogeneity in VSMCs in the vessel wall. We identified a wide range of many RNAs in P1 and P2 cells including the genes known as smooth muscle cell markers.
P1 VSMCs showed greater proliferative capacity compared to P2. Chamley-Campbell et al. (1979) [12] reported that contractile VSMCs and subcultured VSMCs readily undergo cell division. Adult VSMCs are able to proliferate while in the Bcontractile state^although proliferation appears to be more prevalent in dedifferentiated VSMCs [12] . Our data supports this previous work.
We found no difference in basal contractility between P1 and P2. Chamley-Campbell, (1979) [12] reported that only a very small portion of primary VSMCs from rat, rabbit, monkey aorta, and human saphenous vein contract spontaneously or in response to chemical or electrical or mechanical stimulation while subcultured VSMC do not contract in response to any stimuli [1, 12] . However, several reports over the years have shown contraction of subcultured VSMCs from species including rat, bovine, pig, and human aorta, both in intact aortic strips and in culture, in response to stimuli like angiotensin II [14, 15] , endothelin-1 and vasopressin [15] [16] [17] , serotonin [12, 18, 19] , and epidermal growth factor [20] .
We show spontaneous contraction of single subcultured aortic VSMCs at P1 and P2 as measured by TFM. This method has been used to measure tractional stresses in cultured single VSMCs isolated from the pulmonary artery of newborn calves [21] to measure TGF-b induced contraction in primary human bladder smooth muscle cells [22] , in isolated renal VSMCs [23] , and in corneal fibroblasts [24] .
In conclusion, we provide guidelines for isolation of mouse adult VSMC and characterization. We show that P1 VSMCs exhibit increased proliferation and a greater heterogeneity in the expression of VSMC marker genes, sm22α, Acta2, and Smtn. P2 VSMCs show increased protein expression of sm22α and a tighter distribution of sm22α RNA expression as well as Acta2 expression. These findings suggest that P2 VSMCs may provide more consistent data for experiments conducted in vitro.
